The effects of ketone bodies on the metabolism of alanine and glutamine were studied in isolated extensor digitorum communis (EDC) muscles from 24 h-fasted chicks. (1) Acetoacetate and DL-/J-hydroxybutyrate (4 mM) markedly inhibit branched-chain amino acid (BCAA) transamination and alanine formation. (2) Ketone bodies (1 and 4 mM) increase the intracellular concentration and release of glutamate and glutamine, suggesting that inhibition of BCAA transamination does not limit intracellular availability of glutamate for alanine synthesis. (3) Ketone bodies (1 and 4 mM) do not affect glucose uptake by muscles, but decrease the rate of glycolysis as well as the intracellular concentration and release of pyruvate in muscles. (4) Addition of 12 mM-glucose increases the formation of alanine in muscles incubated in the absence of ketone bodies, but has no effect in muscles incubated in the presence of 4 mm ketone bodies. (5) Addition of 5 mM-pyruvate to the media prevents the inhibiting effect of ketone bodies on BCAA transamination and alanine synthesis. These results suggest that ketone bodies decrease alanine synthesis by limiting the intracellular availability of pyruvate, owing to inhibition of glycolysis, and inhibit BCAA transamination by decreasing the intracellular concentration of amino-group acceptors such as pyruvate in EDC muscles from fasted chicks.
INTRODUCTION
Alanine and glutamine are the predominant amino acids released by skeletal muscles of rats [1] [2] [3] , humans [4] and chicks [5] and play an important role in the interorgan metabolism of nitrogen and carbon during fasting and acidosis [4, 6, 7] . It is well documented that branchedchain amino acids (BCAA) provide amino groups for synthesis de novo of alanine and glutamine in rat skeletal muscles [8] [9] [10] [11] [12] [13] [14] . However, it remains unclear whether the major source of carbon for alanine synthesis is glycolysis [8, 12, 13] or amino acids which generate C4 intermediates of the tricarboxylic acid cycle [2, 3, 14] .
Ketone bodies have been implicated to play a role in alanine and glutamine metabolism in skeletal muscle [15] [16] [17] [18] . The infusion of DL-,/-hydroxybutyrate has been found to decrease plasma concentrations of alanine in fasted man [19] and dogs [20] , suggesting decreased production and release of alanine from skeletal muscle [19, 20] . Similarly, studies in vitro have demonstrated that acetoacetate and DL-fl-hydroxybutyrate suppress the formation of alanine [15, 17, 18] and glutamine [15] in skeletal muscles from fasted rats. In addition, ketone bodies have been reported to decrease alanine release from cultured rat skeletal-muscle cells [21] and from perfused rat hindquarters [22] . The mechanisms by which ketone bodies regulate amino acid metabolism have not been elucidated.
It has been suggested that ketone bodies decrease alanine formation in fasted-rat diaphragms in vitro [15] and in fasted dogs in vivo [20] by decreasing the tissue concentration of pyruvate owing to inhibition of glycolysis [15, 20] . But neither the rate ofglycolysis nor the intracellular concentration of pyruvate was measured in those studies. The possible role of glycolysis has been questioned, since ketone bodies have been found to decrease alanine release from cultured rat skeletalmuscle cells [21] and perfused rat hindquarters [22] without influencing either the rate of glycolysis or intracellular pyruvate concentration in these preparations [21, 22] . Thus, since ketone bodies have been shown to inhibit BCAA metabolism in perfused hindquarters [23] and incubated diaphragms [24] of rats and to decrease intracellular glutamate concentration in cultured rat skeletal-muscle cells [21] , several researchers have suggested that ketone bodies decrease alanine synthesis in skeletal muscle by directly inhibiting BCAA transamination [17, 21] . This suggestion appears to be supported by our recent findings that ketone bodies markedly inhibit BCAA transamination in skeletal muscle from fasted chicks [25] . The present study was therefore conducted to test this hypothesis in an attempt to determine how ketone bodies regulate alanine and glutamine metabolism in skeletal muscles from fasted chicks. 
MATERIALS AND METHODS Chemicals
L-[l-'4C]Leucine, L-[1-
Muscle preparations and incubation
Individual fasted chicks were anaesthetized with halothane. The extensor digitorum communis (EDC) muscles (15.8 +0.2mg; mean+S.E.M., n = 20) were dissected and placed in 3.5 ml of Krebs-Ringer bicarbonate buffer saturated with 02/C02 (19:1) [25] . The buffer also contained insulin (0.01 unit/ml) and 2 mM-Hepes (basal medium). Glucose and amino acids were present in or absent from the incubation media depending on the experimental design. In all experiments, one EDC muscle was used for the control while the contralateral muscle was used for the treatment. The muscles were preincubated for 30 min and then incubated for 2 h in fresh media at 37°C [25] , with additions as indicated in Tables 1-5 .
Measurement of the release of glutamate, glutamine and alanine and intracellular concentrations of amino acids
In experiments designed to measure the amounts of alanine, glutamate, glutamine and tyrosine in the muscle proteins, in the intracellular free pool and released to the incubation media, EDC muscles were incubated in the basal medium containing 12 mM-glucose as described above. In experiments designed to determine the effect of pyruvate and ketone bodies on amino acid metabolism, the basal media contained 12 mM-glucose, 0.5 mMleucine, 0.5 mM-valine, and all other amino acids at plasma concentrations [26] , except for alanine, glutamine, glutamate, tyrosine and histidine, which were absent (medium B). Medium B containing either 0 or 12 mMglucose was used in studies of the effect of glucose on amino acid metabolism. At the end of the final incubation period, muscles were placed in ice-cold 2 0 (w/v) trichloroacetic acid. The incubation media and the muscles were stored at -70°C, and amino acids were analysed within 2 weeks by h.p.l.c. as described previously [25, 27] . [11, 12, 25] , and the net transamination rates of leucine and valine were calculated as described previously [25, 28] . [25, 27] and by an enzymic fluorimetic assay for lactate and pyruvate [32] . To convert glutamine and asparagine into glutamate and aspartate respectively, each fraction was incubated with 0.5 ml of 6 M-HCl under N2 at 110°C for 10 h. The neutralized solution was passed through a Dowex 1-lOX (formate form) column as described above. A 1 ml portion of the fraction containing alanine was counted for radioactivity [25] , and 0.2 ml was assayed for alanine by h.p.l.c. [25, 27] . The specific radioactivity of intracellular L-[U-14C]alanine was calculated after correction for that of alanine in the extracellular space [25] , and was used to calculate the rate of alanine oxidation. Measurement of glucose uptake and glycolysis Glucose uptake was measured in EDC muscles incubated in medium B containing 5 mM [33] [34] [35] . At the end of the 2 h incubation, each EDC muscle was well rinsed with non-radioactive incubation media, solubilized in 0.5 ml of Soluene and counted for radioactivity [25] . The intracellular radioactivity of 3-O-[Me-14C]methylglucose was calculated after correction for that in the extracellular space [25] .
Glycolysis was measured in EDC muscles incubated in medium B containing 12 mM-D-[5-3H]glucose (50 d.p.m./ nmol) [8] . At the end of the 2 h incubation, 3H20 accumulated in the incubation media was separated from D-[5-3H]glucose, and the rate of glycolysis was calculated as described by Chang & Goldberg [8] . Measurement of the intracellular concentration and release of pyruvate EDC muscles were incubated in medium B as described above. At the end of the 2 h final incubation, each muscle was placed in 0.85 ml of ice-cold 1.0 M-HCl04 and the incubation medium was acidified with 0.2 ml of 1.0 MHClO4. Neutralized muscle extracts and media were analysed immediately for pyruvate [32] . The intracellular concentration of pyruvate was calculated after correction for pyruvate in the extracellular space [25] .
Statistical analysis of results
All results, given as means +S.E.M., were analysed by comparing the mean value of the treated muscles with that of the contralateral control muscles by the paired t test as described by Steel & Torrie [36] .
RESULTS
Effects of ketone bodies, glucose and pyruvate on the intracellular concentration and release of glutamate, glutamine and alanine A relatively large amount of alanine and glutamine and a relatively small amount of glutamate are released from fasted-chick EDC muscles during a 2 h final incubation period (Table 1 ). The intracellular concentrations of these amino acids remain constant throughout the final incubation (results not shown). The alanine/ tyrosine molar ratio in the incubation media and in the intracellular free amino acid pool is 10.3 + 0.4 (n 10) and 13.3 + 0.7 (n = 10) respectively, which is much higher (P < 0.001) than that in EDC muscle proteins (5.0+0.2; n = 10). The ratio (glutamate + glutamine)/tyrosine in the incubation media and in the intracellular free pool is 12.2 + 0.8 (n = 10) and 22.7 + 1.0 (n = 10) respectively, which is also much higher (P < 0.001) than that in EDC muscle proteins (6.1 + 0.3; n = 10). Glucose (12 mM) decreased (P < 0.05) the intracellular concentration and release of glutamate and glutamine, but increased (P < 0.001) the intracellular concentration and release of alanine in EDC muscles incubated in the absence of ketone bodies (Table 1 ). In the presence of 4 mM ketone bodies, 12 mM-glucose had no effect on the intracellular concentration and release of glutamine and alanine, but increased (P < 0.01) the concentration and release of glutamate (Table 1) .
Ketone bodies (4 mM) markedly increased (P <0.01)
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Similar results were obtained in the presence of 1 mM ketone bodies (results not shown). In addition, 1 and 4 mM ketone bodies did not influence (P > 0.05) the intracellular concentration of asparagine and amino acids not metabolized in fasted-chick EDC muscles (results not shown).
Effect of ketone bodies and pyruvate on BCAA transamination Ketone bodies (4 mM) inhibited (P < 0.001) the net transamination rates of leucine and valine by 40-52 0 in EDC muscles incubated in the absence of pyruvate (Table 3) . Addition of 5 mM-pyruvate to the incubation media prevented the inhibitory effect of ketone bodies on BCAA transamination (Table 3) . Effect of ketone bodies on glucose uptake, glycolysis and the intracellular concentration and release of pyruvate Acetoacetate and DL-/I-hydroxybutyrate (1 and 4 mM) did not influence (P> 0.05) 3-O-[Me-'4C]methylglucose uptake by EDC muscles (Table 4) . However, acetoacetate (4 mM) and DL-/?-hydroxybutyrate (4 mM) decreased (P < 0.001) the rate of glycolysis by 41 % and 34 0, the intracellular concentration of pyruvate by 61 % and 50 %, and the release of pyruvate by 64 % and 520%0 respectively, in EDC muscles incubated with 12 mmglucose (Table 4) . Ketone bodies at 1 mm also decreased (P < 0.01) the rate of glycolysis and the intracellular concentration and release of pyruvate (results not shown). Effect of ketone bodies on alanine oxidation Acetoacetate (4 mM) and DL-/J-hydroxybutyrate (4 mM) increased (P < 0.01) the specific radioactivity of (Table 5) . Ketone bodies at 1 mm also inhibited (P < 0.001) the rate of alanine oxidation in EDC muscles incubated in the presence of 12 mM-glucose (results not shown).
DISCUSSION
The present study demonstrates that alanine and glutamine are released by chick skeletal muscle to a much greater extent than would be expected from their abundance in muscle proteins. Although alanine oxidation is inhibited by ketone bodies (Table 5) , which has not been reported in other species, the intracellular concentration and the release of alanine in fasted-chick EDC muscles are markedly decreased by 1 mm-and 4 mM-acetoacetate and by 4 mM-DL-/l-hydroxybutyrate (Table l) . Our results indicate that ketone bodies suppress alanine synthesis in chick skeletal muscle, as previously shown in rat skeletal muscle [15, 17, 18] .
It is unlikely that inhibition of BCAA transamination by ketone bodies limits intracellular glutamate availability for alanine synthesis, since the intracellular glutamate concentration is markedly increased by ketone bodies in fasted-chick EDC muscles (Table 1) . Thus ketone bodies probably decrease alanine synthesis in skeletal muscles by decreasing intracellular pyruvate concentration, which may also result in decreased BCAA transamination owing to decreased regeneration of 2-oxoglutarate. This conclusion is supported by the following observations. (1) Ketone bodies have no effect on glucose uptake, but markedly inhibit the rate of glycolysis in fasted-chick EDC muscles, resulting in a dramatic decrease in the intracellular concentration and release of pyruvate (Table 4) . (2) Glucose increases alanine formation in EDC muscles incubated in the absence of ketone bodies, but has no effect on alanine formation in EDC muscles incubated in the presence of 4 mM ketone bodies (Table 1) . ( 3) The addition of pyruvate, which does not affect BCAA transamination in fasted-chick EDC muscles incubated in the absence of ketone bodies [28] , prevents the inhibitory effect of ketone bodies on BCAA transamination in fasted-chick EDC muscles (Table 3 ) and on alanine formation in both fasted-chick EDC muscles (Table 1) and fasted-rat diaphragms [15] .
The effect of ketone bodies on glutamine metabolism is not well documented in skeletal muscle. In the present study, it is found that ketone bodies markedly increase both the intracellular concentration and the release of glutamine from fasted-chick EDC muscles (Table 1) . Our results are in sharp contrast with those of Palaiologos & Felig [15] , who reported that ketone bodies decrease glutamine release from fasted-rat hemidiaphragms. An increase in the intracellular concentration and in the release of glutamine by ketone bodies may be attributed to an increased intracellular glutamate concentration (Table 1) , which has been shown to increase glutamine synthetase activity in rat skeletal-muscle cells [37] . It is also noteworthy that an increase in both glutamine synthetase activity and glutamine release has been reported in skeletal muscles of diabetic ketoacidotic rats, in which plasma concentrations of ketone bodies are elevated [38, 39] .
Increased release of glutamine at the expense of alanine may be of physiological significance to animals with high plasma concentrations of ketone bodies. Decreased release of alanine from skeletal muscles contributes to decreased plasma concentrations of alanine [4, 19] , which may result in decreased hepatic protein synthesis during prolonged starvation [40] , since alanine has been implicated to be rate-limiting for hepatic protein synthesis [40] . On the other hand, an increase in the release of glutamine from skeletal muscle provides more glutamine for removal by the kidneys, where it plays a key role in the excrection of H+ ions during acidosis [41] . Also, an increase in the release of glutamine from skeletal muscle may help to inhibit lipolysis and hence hepatic ketogenesis during fasting [42, 43] , thereby preventing a further increase in plasma ketone bodies.
